A concurrent remote sensing and magneto-transport study of the microwave excited two dimensional electron system (2DES) at liquid Helium temperatures has been carried out using a carbon detector to remotely sense the microwave activity of the 2D electron system in the GaAs/AlGaAs heterostructure during conventional magnetotransport measurements. Various correlations are observed and reported between the oscillatory magnetotransport and the remotely sensed reflection. In addition, the oscillatory remotely sensed signal is shown to exhibit a power law type variation in its amplitude, similar to the radiation-induced magnetoresistance oscillations.
The ultra-high-mobility two dimensional electron system (2DES) in GaAs/AlGaAs heterostructures exhibits giant oscillatory magnetoresistive response at liquid helium temperature in the form of Microwave-induced Zero-resistance States (MiZrS) 1 and Microwaveinduced Magnetoresistance Oscillations (MIMOs) 1,2 under photo-excitation. Such response is potentially useful for electromagnetic wave characterization in the technologically useful microwave and terahertz bands. 3 Thus, photo-excited magnetotransport has been extensively studied by experiment over the past decade. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] As well, many theories have been developed to explain the MIMO's 19-39 such as, for example, the displacement model that invokes radiation-assisted indirect inter-Landau-level scattering by phonons and impurities, 19, 21, 23 the non-parabolicity model which considers non-parabolicity effects in an ac-driven system, 22 the inelastic model which explores the effects of a radiation-induced steady state nonequilibrium distribution, 24 and the radiation driven electron orbit model which follows the periodic motion of the electron orbit centers under irradiation. 26 The oscillatory minima of the MIMO's are thought to transform into the experimentally observed zero-resistance states through either a current instability, 20, 32 or from the accumulation/depletion of carriers at the contacts.
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Here, we use a remote sensing method 18 to further characterize MIMOs and study the evolution of the remotely sensed reflection signal and transport response with microwave frequency and microwave power, and compare the frequency and power dependence of the remote sensing signal with the magnetoresistive response of the 2DES. Our results also show a non-linear response vs. the microwave power in the oscillatory remotely sensed signal, similar to the observations of the non-linear oscillatory response observed in MIMOs.
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Experiments were carried out on high mobility GaAs/AlGaAs heterostructure Hall bar with gold-germanium contacts at liquid Helium temperatures. The specimen was mounted horizontally at the end of a sample probe and inserted into variable temperature insert inside the bore of superconducting solenoid. A base temperature of approximately 1.5
K was realized by pumping on the liquid helium within the variable temperature insert.
Microwaves were sent by a launcher from the top of a circular microwave waveguide to the sample ( Fig. 1(a) inset) . A carbon remote sensor was placed above-and in close proximity to-the sample. This sensor exhibits a strong temperature coefficient, which is attributed to activated transport, in its response at liquid Helium temperatures, see Fig. 1 (a) . After a brief illumination by a red Light-emitting diode to realize the high mobility condition, standard four terminal low frequency lock-in techniques were adopted to measure the sample signal and sensor signal concurrently.
The carbon sensor was found to be extremely effective in detecting small changes in the reflection associated with the MIMOs. As shown in Fig. 1 (b) , with 42 GHz microwave illumination, the diagonal resistance R xx exhibits strong MIMOs within the magnetic field span −0.15 ≤ B ≤ +0.15 Tesla, and the sensor resistance R s also reveals oscillatory response within the same regime. Without microwave excitation, both R xx and R s do not exhibit any oscillatory features, see Fig. 1(c) , over the −0.15 ≤ B ≤ +0.15 Tesla B-span. Thus, R s oscillations are correlated with 2D electron transport induced by microwave excitation. As a consequence, the R s signal is adopted here to remotely sense the characteristics of MIMOs. It appears worth pointing out that with-or without-microwaves, the zero-field value of the magnetoresistance trace (R xx )in 2DES is approximately the same. On the other hand, the remote sensor signal R s shifts by approximately 9 kΩ between the microwave on-and offconditions. Such a large shift in R s is attributed to microwave heating, mostly due to the incident radiation. Thus, shifts in R s do not serve to characterize transport in the 2DES; it is only the oscillatory features on the R s traces that reflect the detector response to the microwave-induced transport in the 2DES. shows the R xx of the 2DES as the microwave frequency is increased from 35 GHz to 48
GHz. Note that MIMOs span a wider magnetic field regime as the microwave frequency, f , increases because a larger Landau level splitting is required to obtain energy commensurability as the photon energy hf increases. Column (b) shows the concurrently measured sensor resistance R s . Here, the oscillatory R s span a wider magnetic field as the microwave frequency increases, similar to MIMOs, see Fig. 2(a) . At the same time, as the microwave frequency increases, more oscillatory structure appears in the R s , similar to MIMOs. At all the frequencies, there are discernable boundaries (marked by stars in Fig. 2 (b) ), marking the B-span for oscillatory R s . Further, a step-like response is apparent in the vicinity of the starred locations in Fig. 2(b) . Such step-like remote sensor response is similar to the electron absorption reported by Iñarrea et al. 34 . This feature suggests that the remote sensing signal is correlated to the response of the 2D electron system to microwave excitation.
Figs. 3 (a) -(c) shows R xx and R s traces as functions of B/f at three microwave frequencies. As the frequency increases, more MIMOs reveal themselves in the R xx trace.
For instance, at 35 GHz, only three MIMOs appear for each direction of the magnetic field. Both the frequency and power dependence of the remotely sensed reflection signal suggest that the remotely sensed reflection signal R s could serve to monitor in real-time the microwave induced transport in the GaAs/AlGaAs 2DES. In addition, the microwave power dependence measurements indicate a non-linear microwave power dependence of the remotely sensed signal ∆R s , which agrees with the experimental report of the power dependence of R xx in the 2DES 13 . Indeed, both R xx and ∆R s could be fit with the same power law function with exponent approximately equal to 1/2. Such agreement further supports the reliability of remotely sensing the microwave-induced transport in the 2DES.
Finally, we examine our results utilizing the radiation driven electron orbit model 26 , because the simulations made with this model 31, 34, 35 appear consistent with our results. In this model, radiation forces the electron orbit center to move back and forth in the direction of the radiation electric field at the frequency of radiation, and the R xx oscillations reflect the periodic motion of the electron orbit center. According to this model, the amplitude of diagonal resistance oscillations R xx ∝ E 0 , the amplitude of the microwave electric field.
Since the radiation power P = Figure 4 
